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The ground state of the proton-rich nucleus 23Al has been studied by one-proton removal on a carbon
target at about 50 MeV/nucleon using the EXOGAM + SPEG experimental setup at GANIL. Longitudinal
momentum distributions of the 22Mg breakup fragments, inclusive and in coincidence with γ rays de-exciting
the residues, were measured. The ground-state structure of 23Al is found to be a configuration mixing of a
d-orbital valence proton coupled to four core states—0+gs, 2+1 , 4+1 , 4+2 . We confirm the ground state spin and parity
of 23Al as J π = 5/2+. The measured exclusive momentum distributions are compared with extended Glauber
model calculations to extract spectroscopic factors and asymptotic normalization coefficients (ANCs). The
spectroscopic factors are presented in comparison with those obtained from large-scale shell model calculations.
We determined the asymptotic normalization coefficient of the nuclear system 23Algs → 22Mg(0+) + p to be
C2d5/2 (23Algs) = (3.90 ± 0.44) × 103 fm−1, and used it to infer the stellar reaction rate of the direct radiative
proton capture 22Mg(p,γ )23Al. Astrophysical implications related to 22Na nucleosynthesis in ONe novae and
the use of one-nucleon breakup at intermediate energies as an indirect method in nuclear astrophysics are
discussed.
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I. INTRODUCTION
The proton-rich nucleus 23Al near the dripline, which was
first identified in 1969 [1], has been known early on [2]
as a β-delayed proton emitter. However, detailed or precise
information on its structure and decay scheme is scarce. Only
*Present address: Department of Physics and Astronomy,
James Madison University, Harrisonburg, VA 22807, USA;
banula@jmu.edu
†Present address: LPC-ENSICAEN, IN2P3-CNRS et Universite´ de
Caen, F-14050 Caen Cedex, France.
‡Present address: CEA, DAM, DIF, F-91297 Arpajon Cedex,
France.
§Present address: Nuclear Science Division, LBNL, Berkeley, CA
94720, USA.
‖Present address: Cyclotron Institute, Texas A&M University,
College Station, TX 77843, USA.
¶Present address: CEA-Saclay, DSM/IRFU/SPhN, F-91191
Gif-sur-Yvette, France.
**Present address: School of Physics and Astronomy, The
University of Manchester, Manchester M13 9PL, UK.
a few years back, basic information such as the spin and
parity of its ground state was still missing, and its mass was
uncertain even in the most recent compilations. It became
more accessible for studies in the last few years owing to
its availability as projectile or source due to better separation
techniques, and a number of publications ensued [3–15].
Measurements of reaction cross sections for N = 10
isotones [5,6] and Z = 13 isotopes [5,11] on a carbon target
showed a slight enhancement (of about 10%) for 23Al and led to
an assumption of level inversion between the proton 2s1/2 and
1d5/2 orbitals. However, an experiment at RIKEN has found
that the magnetic moment of 23Algs [9] is only compatible
with a spin 5/2. In parallel, it has been found unambiguously
from the β+ decay of 23Al [10] that its ground-state spin-
parity is Jπ = 5/2+, the same as for its mirror nucleus
23Ne. The ground-state structure of 23Al also has nuclear
astrophysical implications as it determines the reaction rate
for 22Mg(p,γ )23Al, highlighted in the following paragraphs.
Space-based γ -ray telescopes have shown the ability to
detect γ rays of cosmic origin providing us with a direct
evidence that nucleosynthesis is an on-going process in
our galaxy. γ rays emitted by long-lived isotopes, such as
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26Al (T1/2 = 0.7 × 106 yr) or 60Fe (T1/2 = 1.5 × 106 yr),
have been observed. Among the proposed γ -ray emitters
of cosmic origin is also the shorter lived 22Na (T1/2 = 2.6
yr) [16], predicted to be synthesized in explosive ONe novae
at temperatures between 0.2 and 0.4 billion Kelvin through the
reaction path 20Ne(p,γ )21Na(p,γ )22Mg(β+ν)22Na. However,
the γ -ray line of 1.275 MeV following the β+ decay of 22Na
from novae has not been observed yet by state-of-the-art space-
based telescopes such as COMPTEL [17] or INTEGRAL [18].
Hence nova models and/or nuclear data could be questioned.
It has been proposed that 22Na itself and its precursor
22Mg could be depleted by 22Na(p,γ )23Mg (dominated by
a number of resonances [15]) and 22Mg(p,γ )23Al radiative
capture reactions, respectively. We treat here the latter radiative
capture. Owing to its low proton separation energy, 23Al can
be easily destroyed by photodisintegration. However, even if
the two mechanisms may equilibrate in some astrophysical
environments, the 22Mg(p,γ )23Al reaction is inherent to the
reaction network and a reaction rate based on experimental
information would complete the nuclear data needed for
astrophysical models. It also determines at what population
level the equilibrium formation-disintegration occurs and,
therefore, if 23Al may be a step for the next proton capture. The
22Mg(p,γ )23Al reaction is dominated by nonresonant capture
to the ground state of 23Al and by resonant capture to its first
excited state [3,4,8].
In this paper we determine, with an independent exper-
imental method, the structure of 23Al by disentangling for
the first time the configurations that make up the ground
state of 23Al. This enables us to determine the ANC for
23Algs → 22Mg(0+) + p by measuring inclusive and exclusive
momentum distributions using nuclear breakup at intermediate
energies.
It has been demonstrated that the momentum distributions
of the core fragments measured in one-nucleon breakup
reactions (we favor the term breakup over knockout used
by other groups [19]) are powerful spectroscopic tools to
determine the single-particle structure of the nuclei far from
stability. The shapes (widths) of these momentum distributions
provide information on the orbital angular momentum l of the
removed nucleon [19,20], whereas the nuclear breakup cross
section determines the asymptotic normalization coefficient.
This ANC is used to calculate the direct (nonresonant)
component of the astrophysical S factor of the radiative capture
reaction [21]. To accomplish this for the 22Mg(p,γ )23Al direct
capture, the configuration mixing in the 23Al ground state has
to be determined, and careful cross section calculations have to
be performed. The configuration mixing is obtained by the use
of coincidences with γ rays from the 22Mg core residues, left
excited after the one-proton breakup of 23Al. The comparison
between the experimental momentum distributions and calcu-
lations enables us to extract the corresponding spectroscopic
factors and the ANC for 23Algs → 22Mg(0+) + p. The experi-
mental spectroscopic factors are compared with those obtained
from large-scale shell model calculations made with modern
effective interactions. Using the ANC, the astrophysical S
factor for the 22Mg(p,γ )23Al reaction is evaluated.
II. EXPERIMENT
The experiment was performed at the GANIL coupled
cyclotron facility. A cocktail of secondary beams was produced
via the fragmentation of an intense (∼2 μA) 95 MeV/nucleon
32S16+ primary beam on a thick carbon target. The sec-
ondary ion beams were collected using the SISSI device
[22] coupled to a beam analysis spectrometer tuned at
Bρ = 1.954 T m, and operated with a Beryllium achromatic
degrader. Fourteen ion species—13B, 14C, 15,16N, 16,17O, 18,19F,
19,20Ne, 21Na, 22Mg, 23Al, and 24Si—with energies between
24 and 60 MeV/nucleon and intensities ranging from 30
and 7000 pps were obtained. We had about 300 pps of 23Al
at 57 MeV/nucleon. A secondary reaction target of carbon,
175 mg/cm2 thick, was used. To measure the breakup fragment
momentum distributions, the SPEG spectrometer [23] was
employed and operated at 0◦ in an achromatic mode on
target, whereby an intrinsic resolution of δp/p ∼ 5 × 10−4
(FWHM) was achieved. The final momentum resolution,
including target effects, was δp/p ∼ 5 × 10−3 (FWHM). The
overall momentum acceptance of the spectrometer was 7%.
This permitted the momentum distributions of the fragments
resulting from one-proton breakup of all nuclei of interest
to be measured in a single setting. SPEG was tuned for the
magnetic rigidity of 22Mg residues (BSPEGρ = 1.756 T m).
Furthermore, the large angular acceptance of the spectrometer
(4◦ in the horizontal and vertical planes) provided for complete
collection of the core fragments, obviating any ambiguities
in the integrated cross sections and longitudinal momentum
distributions.
Ion identification at the focal plane of SPEG was achieved
using the energy loss from a gas ionization chamber and the
time-of-flight between a thick plastic stopping detector and
the cyclotron radio frequency. Two large-area drift chambers
straddling the focal plane of SPEG allowed the focal plane
position spectra to be reconstructed. The longitudinal mo-
mentum of each particle was derived from the reconstructed
focal plane position. The momentum of the core fragment
relative to the incident projectile in the laboratory frame was
transformed into that in the projectile rest frame using Lorentz
transformation. To compare the measured distributions with
the theoretical ones, all broadening effects inherent in the
measurements have been taken into account through Monte
Carlo simulations. These effects include the energy spread in
the beam, the differential energy losses of the projectile, and
the fragment in the target, the energy, and angular straggling
in the target, and the detector and spectrometer resolutions.
The reaction target was surrounded by 8 EXOGAM [24]
Germanium clover detectors set up in a new configuration,
for the first time in association with SPEG. The absolute
efficiencies of the EXOGAM detectors were determined using
calibrated γ -ray sources (152Eu, 56,60Co, 137Cs). The array was
used in a configuration with four detectors at 45◦ (forward
angles) and the other four at 135◦ (backward angles) with
respect to the beam axis at 215 and 134 mm from target,
respectively. This configuration resulted in an efficiency of
∼3% at 1.33 MeV [25]. To determine the absolute efficiencies
of the EXOGAM array for the detection of γ rays de-exciting
the breakup fragments, Lorentz tranformation for in-flight
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emitted γ rays was applied. We assumed an isotropic γ -ray
emission in the projectile reference frame. One notes that
at relativistic energies, the so-called Lorentz boost plays a
major role in increasing the detection efficiency of γ rays
emitted at forward angles. Each of the EXOGAM clovers is
16-fold segmented and allowed for an event-by-event addback
and Doppler reconstruction of the γ rays emitted in-flight.
The emission angle employed for the Doppler correction was
determined from the location of the segment with the largest
energy deposition.
By knowing the value of the primary beam intensity, the
intensities of the secondary beams were derived from several
empty-target normalization runs. The final cross sections were
determined using an average of these normalization runs. We
estimated that the normalization uncertainty is 11%.
III. RESULTS
We have measured the inclusive and exclusive longitudinal
momentum distributions of the 22Mg breakup fragments and
the corresponding differential and integral breakup cross
sections. By detecting the γ -ray decays of excited states in
22Mg residues, we were able to disentangle for the first time
the configuration mixing in the ground state of 23Al. With a
small proton-separation energy of Sp = 141.11(43) keV [26]
(the most accurate value to date) compared with that of 22Mg
(5502 (2) keV [27]), the low-lying nuclear structure of 23Al can
be assumed to be that of a core nucleus plus a valence proton
(22Mg + p).
The measured inclusive momentum distribution is com-
pared in Fig. 1 with extended Glauber-type calculations, which
are explained in detail in Ref. [20] and briefly discussed later in
this paper. For the calculations, everywhere we used 23Al mid-
target energy of 50 MeV/nucleon. The single-particle wave
functions are calculated in a Woods-Saxon proton binding
potential with a set of radius and diffuseness parameters r0 =
1.18 fm and a = 0.60 fm. With this Woods-Saxon potential,
the theoretical inclusive momentum distribution (full curve)
is calculated in the Jπ = 5/2+ hypothesis based on the 1d5/2
orbital, using the core configurations and spectroscopic factors
predicted by large-scale shell model calculations (see Table I,
columns 1 and 7) with the USDB effective interaction [28].
We underline the calculation is not a fit. It does not only
reproduce the shape and width, but also the absolute value of
the cross section. For the integral theoretical cross section, we
obtained a value of σ thinc = 77.7 mb, whereas the corresponding
experimental integral cross section, corrected for the missing
counts on the leftmost low momentum tail of the longitudinal
momentum distribution, amounts to σinc = 78.3(4) mb. It is
clear that the width (FWHM) of 180 MeV/c of the measured
core momentum distribution agrees with that calculated with
the 1d5/2 orbital, but not for the |22Mg(0+gs) ⊗ π2s1/2〉 case
(about 60 MeV/c; dashed curve, arbitrary normalization).
From here we confirm that the spin-parity assignment for the
ground state of 23Al is Jπ = 5/2+, as expected, and the same
as for its mirror nucleus 23Ne.
The Doppler corrected γ -ray energy spectrum in Fig. 2 is
obtained from data taken in coincidence with 22Mg breakup
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FIG. 1. (Color online) Experimental inclusive momentum distri-
bution of 22Mg cores (points), in the center-of-mass frame, compared
with a theoretical distribution calculated for the 2s1/2 single-particle
orbital (dashed curve, arbitrary units) and with a calculated inclusive
momentum distribution using the 1d5/2 orbital and the theoretical
spectroscopic factors (full curve, absolute normalization) obtained
from large-scale shell model calculations (see text).
fragments. We have identified three γ -ray lines—1247 keV,
2061 keV, and 1985 keV [29]—corresponding, respectively,
to the transitions 2+1 → 0+gs, 4+1 → 2+1 , and the less expected
4+2 → 4+1 (see inset). This leads to a configuration mixing
in the ground state of 23Al of the type: |23Algs(5/2+)〉 =
A0|22Mg(0+gs) ⊗ π1d5/2〉 + A1|22Mg(2+1 ) ⊗ π1d5/2〉 +
A2|22Mg(4+1 ) ⊗ π1d5/2〉 + A3|22Mg(4+2 ) ⊗ π1d5/2〉, where
Ai (i = 0–3) represent the spectroscopic amplitudes of each
of the four configurations. The last three components can also
couple the 1d3/2 proton orbital to the 22Mg core, which cannot
be excluded based on the measured momentum distributions,
sensitive only to the orbital angular momentum. However,
the shell-model calculations showed that the associated
spectroscopic factors are a factor of at least 50 smaller for
these components. Therefore, they are neglected here (Fig. 1
validates this option).
The exclusive momentum distributions are shown in Fig. 3
compared with theoretical calculations. In the data analysis,
background subtraction was applied in each case, and the
feeding contributions were considered for the 4+1 → 2+1 and
2+1 → 0+gs transitions in the γ -ray cascade of de-excitation
to the ground state in 22Mg. We note in Table I (column 4)
the large momentum widths, about 200 MeV/c, characteristic
to the 1d5/2 valence proton orbital. The increase in width
with core excitation energy of the exclusive momentum
distributions is expected as the excitation of the core in-
creases the effective binding energy of the valence proton.
The momentum distribution corresponding to 22Mg ground
state (top panel in Fig. 3) was derived by subtraction of
the measured exclusive momentum distributions from the
measured inclusive momentum distribution. We stress here
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TABLE I. Cross sections, widths (FWHM) of momentum distributions, asymptotic normalization coefficients, and spectroscopic factors
for one-proton removal from 23Al. The experimental spectroscopic factors Sexp and the theoretical cross sections are obtained from the
bootstrap procedure (see text). The theoretical spectroscopic factors Sth are from large-scale shell model calculations using the USDB effective
interaction [28] with a center-of-mass correction ( A
A−1 )2 [30] applied. The uncertainties contain only statistical and calculation contributions,
but not the overall 11% uncertainty in the cross section normalization.
Configuration Eγ σ exp−1p FWHM C2 Sexp Sth σ fit−1p
(keV) (mb) (MeV/c) (fm−1) (mb)
22Mg(0+gs) ⊗ π1d5/2 0 18.5 ± 1.2 160 ± 5 3896 ± 113 0.45 ± 0.07 0.36 19.1 ± 2.0
22Mg(2+1 ) ⊗ π1d5/2 1247 39.3 ± 1.2 180 ± 11 10.4 ± 1.0 1.15 ± 0.18 0.92 39.0 ± 2.2
22Mg(2+1 ) ⊗ π2s1/2 1247 <0.09 0.003
22Mg(4+1 ) ⊗ π1d5/2 2061 9.5 ± 0.9 200 ± 8 5.4 ± 0.8 0.34 ± 0.06 0.27 9.3 ± 0.9
22Mg(4+2 ) ⊗ π1d5/2 1985 10.9 ± 0.9 210 ± 7 13.8 ± 2.2 0.50 ± 0.09 1.43 10.4 ± 1.6
Inclusive 78.3 ± 0.4 180 ± 9 77.8 ± 0.7
that an important factor in the procedure and in the uncertainty
estimations was a good knowledge of the absolute efficiencies
for the in-flight detection of the three γ -ray lines.
In the second panel from the top in Fig. 3, the measured and
fitted momentum distributions of the |2+ ⊗ π1d5/2〉 configura-
tion agree with each other, and we find that the |2+ ⊗ π2s1/2〉
component has only a marginal contribution to the wave
function of 23Al. The upper limit for the spectroscopic factor
corresponding to the |2+ ⊗ π2s1/2〉 configuration, deduced
from our data, is 0.09.
Figure 4 illustrates the contribution of each of the configura-
tions identified in the ground state of 23Al to the inclusive longi-
tudinal momentum distribution. The curves are calculated with
the Glauber-type reaction model described below, normalized
with the fitted spectroscopic factors (Table I, column 6),
and the points are the experimental data. Although the
|2+ ⊗ π2s1/2〉 configuration has a minor contribution in the
configuration mixing, it provides a better fit to the data when
included in the full calculation.
In the extended Glauber model [20], applied here for
describing the nuclear breakup reactions, the cross sections are
 [keV]γE
500 1000 1500 2000 2500 3000 3500 4000 4500
co
u
n
ts
/1
6k
eV
0
20
40
60
80
100
120
140
160
180
1247 keV
2061 keV
1985 keV
22Mg
0 keV
1247 keV
3308 keV
5293 keV
gs
+0
1
+2
1
+4
2
+4
gs
+
 0→1
+2
1
+
 2→1
+41
+
 4→2
+4
FIG. 2. (Color online) Doppler-corrected γ -ray spectrum in
coincidence with identified 22Mg residues in SPEG. The inset shows
the levels and transitions in 22Mg core fragments.
calculated as an incoherent sum of single-particle components,
σ−1p =
∑
S(c; nlj )σsp(nlj ), (1)
where the sum extends over the single particle quantum
numbers nlj of the orbitals contributing for a given core
0
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FIG. 3. (Color online) Experimental exclusive momentum dis-
tributions determined in the center-of-mass frame for 22Mg residues
corresponding to 23Al ground state configuration mixing. Comparison
with calculations using spectroscopic factors from fit (see text).
In the second panel from the top the full (dashed) curve is
associated with calculations that include (exclude) the contribution
of the |22Mg(2+) ⊗ π2s1/2〉. The dot-dashed curve is the calculated
momentum distribution of a pure s wave. Shaded areas correspond
to 1σ deviation in the spectroscopic amplitudes. The uncertainties
contain the statistical errors and those from the γ -ray efficiencies.
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FIG. 4. Experimental inclusive momentum distribution (points)
in the center-of-mass reference frame compared with the calculated
one using the fitted spectroscopic factors (full curve). The lower
curves present the contributions of each of the configurations identi-
fied, labeled by the core states. The full (dashed) curve is associated
with the full calculation that includes (excludes) the contribution of
the |22Mg(2+) ⊗ π2s1/2〉. Same for the curve labeled 2+.
state c, S are the spectroscopic factors and σsp are the
single-particle removal cross sections. A similar relation holds
for the momentum distributions. If the breakup reaction is
peripheral, Eq. (1) can be rewritten in terms of asymptotic
normalization coefficients taking into account the relationship
S(c; nlj ) = C2(c; nlj )/b2sp(nlj ), (2)
where C(c; nlj ) and bsp are the ANC of the system 23Al→
22Mg + p, and the single-particle ANC, respectively.
To extract the ANCs and the spectroscopic factors, a
robust bootstrap procedure [31] was applied. A standard
objective χ2 function was defined for each observable using
the experimental uncertainties. The total χ2tot is minimized
searching for the spectroscopic factors used in Eq. (1). We
varied the optical potentials and the geometry of the proton
binding potential used in the single-particle cross section
calculations, as described below.
Coulomb dissociation is calculated in first-order
perturbation theory, including final-state interactions.
The optical potentials for the core-target and the proton-target
systems are generated by folding the density- and
energy-dependent microscopic interaction of Jeukenne,
Lejeune, and Mahaux (JLM) [32]. The single-particle
densities for the core and target used here were obtained
in a standard spherical HF + BCS calculation using the
density functional of Beiner and Lombard [33]. The core
rms charge radius obtained in this calculation for 22Mg
core is 〈r2ch〉1/2 = 3.05 fm, which compares well with the
experimental value for 24Mg (3.075 ± 0.015 fm) [34]. The
calculated rms charge radius of the 12C target is almost
identical with the experimental value (2.470 ± 0.002 fm)
[34]. Renormalization of the real and imaginary optical
potentials were chosen randomly distributed within
3σ deviation of the values found in Ref. [35]. These
renormalizations were tested in detail against 22Ne + 12,13C
elastic scattering at 12 MeV/nucleon [14]. We assumed that
the remaining energy dependence of the optical potentials
is well accounted for by the intrinsic energy dependence
of the JLM effective interaction. The S-matrix elements
in impact parameter representation, defining the transition
operators for stripping and diffraction, were calculated in the
eikonal approximation including noneikonal corrections up to
second order [36]. The 1d5/2 wave functions for the valence
proton were generated in a spherical Woods-Saxon (WS)
potential with a radius and diffuseness randomly distributed
in the ranges R = 3.0–3.6 fm and a = 0.50–0.70 fm
by adjusting the depth of the potential to reproduce the
effective separation energy Eeff = Sp + Ex(Ic), where Sp is
the experimental proton separation energy for the ground state
and Ex is the experimental core excitation energy. The spin-
orbit component was taken in the Thomas form with a standard
strength, while the Coulomb component was generated by a
uniform charge distribution with a radius equal to the nuclear
value.
We extract the ANCs and the spectroscopic factors, and
evaluate the uncertainties due to statistics and calculations.
Their values are listed in Table I (columns 5 and 6) and used
to calculate the theoretical curves displayed in Fig. 3. The
ANCs and the spectroscopic factors are weighted averages,
and the uncertainties reflect their dependence on the binding
potentials used. While for the ANC of the ground state
the uncertainty is less than 3%, the uncertainty of the
corresponding spectroscopic factor is 16%. The ANC for
the |0+gs ⊗ π1d5/2〉 component is found C2d5/2 (23Algs)stat =
(3.90 ± 0.11)×103 fm−1. Adding the 11% uncertainty in the
overall normalization of the experimental cross sections, we
obtain C2d5/2 (23Algs) = (3.90 ± 0.44) × 103 fm−1, which is the
ANC for the system 23Algs → 22Mg(0+) + p of interest here.
The experimental spectroscopic factors are in reasonably
good agreement with those obtained from large-scale shell
model calculations based on the USDB effective interaction
[28]. The discrepancies are within the limits found by recent
surveys of the spectroscopic factors derived from light ion
transfer reactions for sd- and pf -shell nuclei [37]. The sum of
the spectroscopic factors listed in Table I (column 7) for 23Al
exhausts 70% of the 1d5/2 proton occupation number of 4.3,
predicted by the shell model. As in previous cases, we have
determined that the ANC is less dependent on the parameters
(i.e., the geometry) of the proton binding potential used in the
calculation of the breakup cross sections than the extracted
spectroscopic factors.
In Ref. [14] the authors studied the neutron transfer
reaction 13C(22Ne,23Ne)12C, and determined the ANC for the
ν1d5/2 component in the system 23Ne →22Ne + n. Based
on the assumption that neutron and proton spectroscopic
factors are equal in mirror nuclei, the value for the ANC
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of the mirror system 23Al →22 Mg + p was C2d5/2(23Algs) =
4.63(77) × 103 fm−1, which is in agreement, within the
uncertainties, with the value obtained here directly. This
agreement supports the assumption that spectroscopic factors
are equal in mirror nuclei, even when one of them is close to
the dripline.
IV. ASTROPHYSICAL IMPLICATIONS
Of the four configurations contributing significantly to
the structure of the 23Al ground state, the one relevant for
the 22Mg(p,γ )23Al reaction in stars is the component based
on the 22Mg ground state. We used the corresponding ANC to
evaluate the nonresonant component of the astrophysical S fac-
tor Sdir(E) = 0.73 + 0.17 · E + 0.43 · E2 − 0.21 · E3 keV b,
for energies E = 0–1 MeV. From it, we evaluated the contribu-
tion to the stellar reaction rate for temperatures T = 0–1 GK.
The resonant contribution due to the capture through the
first excited state was calculated with Eres = 528(19) −
141.11(43) = 387(19) keV (using the excitation energy from
Ref. [4] and the new value for the proton binding energy
[26]) and the resonant strength ωγ = 1/3 · 7.2 × 10−7 eV
from the Coulomb dissociation of 23Al [8]. We find S(0) =
0.73 ± 0.10 keV b. The values found are in agreement with
those determined in the latest analysis of the reaction rate for
22Mg(p,γ )23Al presented in Ref. [14], and not far from those
evaluated earlier by Wiescher et al. [3] and Caggiano et al. [4].
The slightly larger proton separation energy (Sp = 141 keV),
recently found, leads to about a factor 2 increase in the
equilibrium 23Al density at T9 = 0.3 in comparison with the
previous estimates (for Sp = 123 keV), and it may help in fast,
sequential two-proton capture on 22Mg in higher temperature
and density environments, such as X-ray bursts. However, in
novae the contribution of the 22Mg(p,γ )23Al capture remains
marginal.
V. CONCLUSIONS
In this work, we have studied the ground state structure of
23Al using one-proton breakup reaction at intermediate ener-
gies and extracted the asymptotic normalization coefficient of
the nuclear system 23Algs → 22Mg(0+) + p. For the first time,
the configuration mixing in a complex case was determined
from one-nucleon breakup using high-resolution segmented
Germanium detectors. We extracted the components of the
23Al ground state wave function from measured inclusive and
exclusive momentum distributions of the breakup fragments,
and showed that the ground state of 23Al is dominated by
configurations consisting of a valence 1d5/2 proton cou-
pled to low-lying states in 22Mg. Experimentally extracted
spectrosopic factors for each of the measured core config-
urations compare reasonably with those from shell-model
calculations. The value of the asymptotic normalization
coefficient of 23Algs → 22Mg(0+) + p extracted here directly
from one-proton breakup reaction is used to evaluate the
astrophysical S factor and the reaction rate for 22Mg(p,γ )23Al.
We conclude that the radiative proton capture on 22Mg cannot
account for the depletion of 22Na in classical novae.
It was known from previous work [21,38] that one-proton
nuclear breakup reactions of rare isotope beams can provide
important information needed to determine the astrophysical
reaction rates for radiative proton capture reactions that
are outside the reach of other direct or indirect methods,
by extracting parameter-free the asymptotic normalization
coefficients. This information replaces and/or complements
the information obtained from transfer reactions (the ANC
method [39]) that would require radioactive beams at lower
energies of much better purity and intensity. We demonstrate
with this work the extension of the method from light p-shell
to mid sd-shell nuclei, and the advantage that it can be used for
beams of lower quality, such as cocktail beams with intensities
as low as ∼100 particles/s. However, as one goes higher
in mass, configuration mixing may play a more important
role and one must disentangle various configurations, as we
did for 23Al, using exclusive measurements involving core-
γ -ray coincidences. Only after that, the data can be used to
extract astrophysical S factors and evaluate reaction rates for
radiative proton captures. As shown here, in addition to good
quality experimental data, reliable cross section calculations
are necessary.
We note that it is believed, and it is also a goal that novae
could become the first type of explosive process for which all
the nuclear input to the nucleosynthesis calculations is based
on experimental data [40], and this work is a step in that
direction with a new method.
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